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QUANTIZING CIRCUITS FOR 
SEMICONDUCTOR DEVICES 

BACKGROUND 

[0001] 1. Field of the Invention 

[0002] Embodiments of the present invention relate gener 
ally to sensing devices, and, more speci?cally, to quantiZing 
devices for sensing multi-bit memory elements or multi-level 
image sensors. 

[0003] 1. Description of the Related Art 

[0004] Generally, memory devices include an array of 
memory elements and associated sense ampli?ers. The 
memory elements store data, and the sense ampli?ers read the 
data from the memory elements. To read data, for example, a 
current is passed through the memory element, and the cur 
rent or a resulting voltage is measured by the sense ampli?er. 
Conventionally, the sense ampli?er measures the current or 

voltage by comparing it to a reference current or voltage. 
Depending on Whether the current or voltage is greater than 
the reference, the sense ampli?er outputs a value of one or 
Zero. That is, the sense ampli?er quantiZes or digitiZes the 
analog signal from the memory element into one of tWo logic 
states. 

[0005] Many types of memory elements are capable of 
assuming more than just tWo states. That is, some memory 
elements are capable of multi-bit storage. For instance, rather 
than outputting either a high or loW voltage, the memory 
element may output four or eight different voltage levels, 
each level corresponding to a different data value. HoWever, 
conventional sense ampli?ers often fail to distinguish accu 
rately betWeen the additional levels because the difference 
betWeen the levels (e.g., a voltage difference) in a multi-bit 
memory element is often smaller than the difference betWeen 
the levels in a single-bit memory element. Thus, conventional 
sense ampli?ers often cannot read multi-bit memory ele 
ments. This problem may be increased as high performance 
multi-bit memory elements become increasingly dense, 
thereby reducing the siZe of the memory elements and the 
difference betWeen the levels (e.g., voltage) to be sensed by 
the sense ampli?ers. 

[0006] A variety of factors may tend to prevent the sense 
ampli?er from discerning small differences in the levels of a 
multi-bit memory element. For instance, noise in the poWer 
supply, ground, and reference voltage may cause an inaccu 
rate reading of the memory element. The noise may have a 
variety of sources, such as temperature variations, parasitic 
signals, data dependent effects, and manufacturing process 
variations. This susceptibility to noise often leads a designer 
to reduce the number of readable states of the memory ele 
ment, Which tends to reduce memory density and increase the 
cost of memory. 

[0007] Conventional sense ampli?ers present similar prob 
lems in imaging devices. In these devices, an array of light 
sensors output a current or voltage in response to light 
impinging upon the sensor. The magnitude of the current or 
voltage typically depends upon the intensity of the light. 
Thus, the capacity of the sense ampli?er to accurately convert 
the current or voltage into a digital signal may determine, in 
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part, the ?delity of the captured image. Consequently, noise 
affecting the sense ampli?er may diminish the performance 
of imaging devices. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0008] FIG. 1 illustrates an electronic device in accordance 
With an embodiment of the present invention; 
[0009] FIG. 2 illustrates a memory device in accordance 
With an embodiment of the present invention; 
[0010] FIG. 3 illustrates a memory array in accordance With 
an embodiment of the present invention; 
[0011] FIG. 4 illustrates a memory element in accordance 
With an embodiment of the present invention; 
[0012] FIG. 5 illustrates I-V traces of memory elements 
storing different values, in accordance With an embodiment 
of the present invention; 
[0013] FIG. 6 illustrates noise in the bit-line current during 
a read operation, in accordance With an embodiment of the 
present invention; 
[0014] FIG. 7 illustrates a quantiZing circuit in accordance 
With an embodiment of the present invention; 
[0015] FIG. 8 illustrates a delta-sigma sensing circuit in 
accordance With an embodiment of the present invention; 
[0016] FIGS. 9 and 10 illustrate current ?oW during opera 
tion of the quantiZing circuit of FIG. 8; 
[0017] FIGS. 11-13 illustrate voltages in the quantiZing 
circuit of FIG. 8 When sensing small, medium, and large 
currents, respectively; 
[0018] FIG. 14 is a graph of bit-line current versus counter 
output for the quantiZing circuit of FIG. 8; 
[0019] FIG. 15 is a graph of the frequency response of the 
quantiZing circuit of FIG. 8; 
[0020] FIG. 16 is How chart of a read operation in accor 
dance With an embodiment of the present invention; 
[0021] FIG. 17 is a second example of a quantiZing circuit 
in accordance With an alternate embodiment of the present 
invention; 
[0022] FIG. 18 is a third example of a quantiZing circuit in 
accordance With an alternate embodiment of the present 
invention; 
[0023] FIG. 19 is an example of a system that includes the 
memory device of FIG. 2 in accordance With an embodiment 
of the present invention. 

DETAILED DESCRIPTION OF SPECIFIC 
EMBODIMENTS 

[0024] Various embodiments of the present invention are 
described beloW. In an effort to provide a concise description 
of these embodiments, not all features of an actual implemen 
tation are described in the speci?cation. It should be appre 
ciated that in the development of any such actual implemen 
tation, as in any engineering or design project, numerous 
implementation-speci?c decisions must be made to achieve 
the developers’ speci?c goals, such as compliance With sys 
tem-related and business-related constraints, Which may vary 
from one implementation to another. Moreover, it should be 
appreciated that such a development effort might be complex 
and time consuming but Would nevertheless be a routine 
undertaking of design, fabrication, and manufacture for those 
of ordinary skill having the bene?t of this disclosure. 
[0025] Some of the subsequently described embodiments 
may address one or more of the problems With conventional 
sense ampli?ers discussed above. Some embodiments 
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include a quantiZing circuit con?gured to detect small differ 
ences in voltages and/or currents. As explained below, the 
quantiZing circuit may sample the measured electrical param 
eter on multiple occasions and ?lter, e.g., average or sum, the 
samples to reduce the impact of noise. As a result, in some 
embodiments, the quantiZing circuit may resolve small dif 
ferences betWeen voltage or current levels in multi-bit 
memory elements and/or light sensors, Which may alloW cir 
cuit designers to increase the number of bits stored per 
memory element and/or the sensitivity of an imaging device. 
[0026] The folloWing description begins With an overvieW 
of examples of systems that employ quantiZing circuits in 
accordance With embodiments of the present invention, and 
the problems Within these systems that may be addressed by 
the quantiZing circuits as described With reference to FIGS. 
1-7. Then, a speci?c example of a quantiZing circuit is 
described With reference to FIGS. 8-16. Finally, design con 
siderations and other examples of quantiZing circuits are 
described With reference to FIGS. 17 and 18. 
[0027] FIG. 1 depicts an electronic device 10 that may be 
fabricated and con?gured in accordance With one or more of 
the present embodiments. The illustrated electronic device 10 
includes a memory device 12 that, as explained further beloW, 
may include multi-bit memory elements and quantiZing cir 
cuits. Alternatively, or additionally, the electronic device 10 
may include an imaging device 13 having the quantiZing 
circuits. 
[0028] Myriad devices may embody one or more of the 
present techniques. For example, the electronic device 10 
may be a storage device, a communications device, an enter 
tainment device, an imaging system, or a computer system, 
such as a personal computer, a server, a mainframe, a tablet 
computer, a palm-top computer, or a laptop. 
[0029] FIG. 2 depicts a block diagram of an embodiment of 
the memory device 12. The illustrated memory device 12 may 
include a memory array 14, a quantiZing circuit 16, a column 
decoder 18, a column address latch 20, roW drivers 22, a roW 
decoder 24, roW address latches 26, and control circuitry 28. 
As described beloW With reference to FIG. 3, the memory 
array 14 may include a matrix of memory elements arranged 
in roWs and columns. As Will be appreciated, the imaging 
device 13 (FIG. 1) may include similar features except that in 
the case of an imaging device 13, the memory array 14 Will 
include a matrix of imaging elements, such as complemen 
tary-metal-oxide semiconductor (CMOS) imaging elements. 
[0030] When accessing the memory elements, the control 
circuitry may receive a command to read from or Write to a 
target memory address. The control circuitry 28 may then 
convert the target address into a roW address and a column 
address. In the illustrated embodiment, the roW address bus 
30 transmits the roW address to the roW address latches 26, 
and a column address bus 32 transmits column address to the 
column address latches 20. After an appropriate settling time, 
a roW address strobe (RAS) signal 34 (or other controlling 
clock signal) may be asserted by the control circuitry 28, and 
the roW address latches 26 may latch the transmitted roW 
address. Similarly, the control circuitry 28 may assert a col 
umn address strobe 36, and the column address latches 20 
may latch the transmitted column address. 
[0031] Once roW and column addresses are latched, the roW 
decoder 24 may determine Which roW of the memory array 14 
corresponds to the latched roW address, and the roW drivers 22 
may assert a signal on the selected roW. Similarly, the column 
decoder 18 may determine Which column of the memory 
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array 14 corresponds With the latched column address, and 
the quantiZing circuit 16 may sense a voltage or current on the 
selected column. Additional details of reading and Writing are 
described beloW. 

[0032] FIG. 3 illustrates an example of a memory array 14. 
The illustrated memory array 14 includes a plurality of bit 
lines 38, 40, 42, 44, and 46 (also referred to as BLO-BL4) and 
a plurality of Word-lines 48, 50, 52, 54, 56, 58, 60, and 62 
(also referred to as WLO-WL7). These bit-lines and Word 
lines are electrical conductors. The memory array 14 further 
includes a plurality of memory elements 64, each of Which 
may be arranged to intersect one of the bit-lines and one of the 
Word-lines. In other embodiments, imaging elements may be 
disposed at each of these intersections. The memory elements 
and imaging elements may be referred to generally as internal 
data storage locations, i.e., devices con?gured to convey data, 
either stored or generated by a sensor, When accessed by a 
sensing circuit, such as the quantiZing circuits discussed 
beloW. The internal data storage locations may be formed on 
an integrated semiconductor device that also includes the 
other components of the memory device 12 (or imaging 
device 13). 
[0033] In some embodiments, the illustrated memory ele 
ments 64 are ?ash memory devices. The operation of the ?ash 
memory elements is described further beloW With reference to 
the FIGS. 4 and 5. It should be noted that, in other embodi 
ments, the memory elements 64 may include other types of 
volatile or nonvolatile memory. For example, the memory 
elements 64 may include a resistive memory, such as a phase 
change memory or magnetoresistive memory. In another 
example, the memory elements 64 may include a capacitor, 
such as a stacked or trench capacitor. Some types of memory 
elements 64 may include an access device, such as a transistor 
or a diode associated With each of the memory elements 64, or 
the memory elements 64 may not include an access device, 
for instance in a cross-point array. 
[0034] FIG. 4 illustrates a circuit 66 that models the opera 
tion of an arbitrarily selected memory element 64, Which is 
disposed at the intersection of WL3 and BLO. This circuit 66 
includes a capacitor 68, a pre-drain resistor 70 (RFD), a post 
source resistor 72 (RPS), and a ground 74. The resistors 70 and 
72 model the other devices in series the memory element 64 
being sensed. The illustrated memory element 64 includes a 
gate 76, a ?oating gate 78, a drain 80, and a source 82. In the 
circuit 66, the drain 80 and source 82 are disposed in series 
betWeen the pre-drain resistor 70 and the post-source resistor 
72. The gate 76 is coupled to WL3. The pre-drain resistor 70, 
the drain 80, the source 82, and the post-source resistor 72 are 
disposed in series on the bit-line BLO. The capacitor 68, 
Which models the capacitance of the bit-line, has one plate 
coupled to ground 74 and another plate coupled to the bit-line 
BLO, in parallel With the memory elements 64. 
[0035] Several of the components of the circuit 66 represent 
phenomenon affecting the memory elements 64 during 
operation. The pre-drain resistor 70 generally represents the 
drain-to-bitline resistance of the memory elements 64 
coupled to the bit-line above (i.e., up current from) WL3 
When these memory elements 64 are turned on, (e. g., during 
a read operation). Similarly, the post source resistor 72 gen 
erally corresponds to the source-to-ground resistance of the 
memory elements 64 coupled to the bit-line beloW WL3 When 
these memory element 64 is selected. The circuit 66 models 
electrical phenomena associated With reading the memory 
elements 64 at the intersection of WL3 and BLO. 
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[0036] The operation of the memory elements 64 Will noW 
be brie?y described With reference to FIGS. 4 and 5. FIG. 5 
illustrates one potential relationship betWeen the bit-line cur 
rent (I Bit), the Word-line voltage (V WL), and the voltage of the 
?oating gate 78 (VFG). As illustrated by FIG. 5, VFG affects 
the response of the memory element 64 to a given VWL. 
Decreasing the voltage of the ?oating gate shifts the I-V curve 
of the memory elements 64 to the right. That is, the relation 
ship betWeen the bit-line current and a Word-line voltage 
depends on the voltage of the ?oating gate 78. The memory 
elements 64 may store and output data by exploiting this 
effect. 

[0037] To Write data to the memory elements 64, a charge 
corresponding to the data may be stored on the ?oating gate 
78. The charge of the ?oating gate 78 may be modi?ed by 
applying voltages to the source 82, drain 80, and/or gate 76 
such that the resulting electric ?elds produce phenomenon 
like FoWler-Northam tunneling and/ or hot-electron injection 
near the ?oating gate 78. Initially, the memory elements 64 
may be erased by manipulating the Word-line voltage to drive 
electrons off of the ?oating gate 78. In some embodiments, an 
entire column or block of memory elements 64 may be erased 
generally simultaneously. Once the memory elements 64 are 
erased, the gate 76 voltage may be manipulated to drive a 
charge onto the ?oating gate 78 that is indicative of a data 
value. After the Write operation ends, the stored charge may 
remain on the ?oating gate 78 (i.e., the memory elements 64 
may store data in a nonvolatile fashion). 

[0038] As illustrated by FIG. 5, the value stored by the 
memory element 64 may be read by applying a voltage, VWL, 
to the gate 76 and measuring a resulting bit-line current, I Bit. 
Each of the I-V traces depicted by FIG. 5 correspond to a 
different charge stored on the ?oating gate, VFG, Which 
should not be confused With the voltage that is applied to the 
gate, VWL. The difference in ?oating gate 70 voltage, VFG, 
betWeen each I-V trace is an arbitrarily selected scaling factor 
“x.” The illustrated I-V traces correspond to eight-different 
data values stored by the memory element 64, With a VFG of 
0x representing a binary data value of 000, a VFG of 1x 
representing a binary data value of 001, and so on through 
VFG of 7x, Which represents a binary data value of l l 1. Thus, 
by applying a voltage to the gate 76 and measuring the result 
ing bit-line current, the charge stored on the ?oating gate 78 
may be measured, and the stored data may be read. 
[0039] The accuracy With Which the bit-line current is 
sensed may affect the amount of data that a designer attempts 
to store in each memory element 64. For example, in a system 
With a loW sensitivity, a single bit may be stored on each 
memory element 64. In such a system, a ?oating gate voltage 
VFG of 0x may correspond to a value of 0, and a ?oating gate 
voltage VFG of —7x may correspond to a value of one. Thus, 
the difference in ?oating gate voltages V PG corresponding to 
different data values may be relatively large, and the resulting 
differences and bit-line currents for different data values may 
also be relatively large. As a result, even loW-sensitivity sens 
ing circuitry may discern these large differences in bit-line 
current during a read operation. In contrast, high-sensitivity 
sensing circuitry may facilitate storing more data in each 
memory element 64. For instance, if the sensing circuitry can 
distinguish betWeen the eight different I-V traces depicted by 
FIG. 5, then the memory elements 64 may store three bits. 
That is, each of the eight different charges stored on the 
?oating gate 78 may correspond to a different three-bit value: 
000, 001, 010, 01 l, 100, 101, 110, or 1 l 1. Thus, circuitry that 
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precisely measures the bit-line current I B IT may alloW a 
designer to increase the amount of data stored in each 
memory element 64. 
[0040] HoWever, as mentioned above, a variety of effects 
may interfere With accurate measurement of the bit-line cur 
rent. For instance, the position of the memory elements 64 
along a bit-line may affect RFD and RPS, Which may affect the 
relationship betWeen the Word-line voltage VWL and the bit 
line current I BIT To illustrate these effects, FIG. 6 depicts 
noise on the bit-line While reading from the memory element 
64. As illustrated, noise in the bit-line current I BIT may cause 
the bit-line current I B ,Tto ?uctuate. Occasionally, the ?uctua 
tion may be large enough to cause the bit-line current I B IT to 
reach a level that corresponds With a different stored data 
value, Which could cause the Wrong value to be read from the 
memory elements 64. For instance, if the bit-line current is 
sensed at time 84, corresponding to an arbitrarily selected 
peak, a data value of 100 may be read rather than the correct 
data value of 01 l . Similarly, if the bit-line current is sensed at 
time 86, corresponding to an arbitrarily selected local mini 
mum, a data value of 010 may be read rather than a data value 
of 01 1. Thus, noise on the bit-line may cause erroneous read 
ings from memory elements 64. 
[0041] FIG. 7 depicts a quantiZing circuit 16 that may tend 
to reduce the likelihood of an erroneous reading. The illus 
trated quantiZing circuit 16 includes an analog-to-digital con 
ver‘ter 88 and a digital ?lter 90 coupled to each of the bit-lines 
38, 40, 42, 44, and 46, respectively. That is, each bit-line 38, 
40, 42, 44, and 46 may connect to a different analog-to-digital 
converter 88 and digital ?lter 90. The digital ?lters 90, in turn, 
may connect to an input/ output bus 92, Which may connect to 
a column decoder 18, a column address latch 20, and/ or 
control circuitry 28 (see FIG. 2). 
[0042] In operation, the quantiZing circuit 16 may digitiZe 
analog signals from the memory elements 64 in a manner that 
is relatively robust to noise. As explained beloW, the quantiz 
ing circuit 16 may do this by converting the analog signals 
into a bit-stream and digitally ?ltering high-frequency com 
ponents from the bit-stream. 
[0043] The analog-to-digital converter 88 may be a one-bit, 
analog-to-digital converter or a multi-bit, analog-to-digital 
converter. In the present embodiment, an analog-to-digital 
converter 88 receives an analog signal from the memory 
element 64, e.g., a bit-line current IBIT or a bit-line voltage 
VBL, and outputs a bit-stream that corresponds With the ana 
log signal. The bit-stream may be a one-bit, serial signal With 
a time-averaged value that generally represents or corre 
sponds to the time-averaged value of the analog signal from 
the memory element 64. That is, the bit-stream may ?uctuate 
betWeen values of Zero and one, but its average value, over a 
suf?ciently large period of time, may be proportional to the 
average value of the analog signal from the memory element 
64. In certain embodiments, the bit-stream from the analog 
to-digital converter 88 may be a pulse-density modulated 
(PDM) version of the analog signal. The analog-to-digital 
converter 88 may transmit the bit- stream to the digital ?lter 90 
on a bit-stream signal path 94. 

[0044] The digital ?lter 90 may remove high-frequency 
noise from the bit-stream. To this end, the digital ?lter 90 may 
be a loW-pass ?lter, such as a counter, con?gured to average or 
integrate the bit-stream over a sensing time, i.e., the time 
period over Which the memory element 64 is read. As a result, 
the digital ?lter 90 may output a value that is representative of 
both the average value of the bit-stream and the average value 
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of the analog signal from the memory element 64. In some 
embodiments, the digital ?lter 90 is a counter, and the cut-off 
frequency of the digital ?lter 90 may be selected by adjusting 
the duration of the sensing time. In the present embodiment, 
increasing the sensing time Will loWer the cutoff frequency. 
That is, the frequency response of the digital ?lter 90 may be 
tuned by adjusting the period of time over Which the bit 
stream is integrated and/ or averaged before outputting a ?nal 
value. The frequency response of the digital ?lter 90 is 
described further beloW With reference to FIG. 15. For multi 
bit memory elements 64, the output from the digital ?lter 90 
may be a multi-bit binary signal, e.g., a digital Word that is 
transmitted serially and/ or in parallel. 
[0045] Advantageously, in certain embodiments, the quan 
tiZing circuit 16 may facilitate the use of multi-bit memory 
elements 64. As described above, in traditional designs, the 
number of discrete data values that a memory element 64 
stores may be limited by sense amps that react to noise. In 
contrast, the quantiZing circuit 16 may be less susceptible to 
noise, and, as a result, the memory elements 64 may be 
con?gured to store additional data. Without the high fre 
quency noise, the intervals betWeen signals representative of 
different data values may be made smaller, and the number of 
data values stored by a given memory element 64 may be 
increased. Thus, bene?cially, the quantiZing circuit 16 may 
sense memory elements 64 that store several bits of data, e.g., 
2, 3, 4, 5, 6, 7, 8, or more bits per memory element 64. 
[0046] Although the quantiZing circuit 16 may sample the 
signal from the memory element 64 over a longer period of 
time than conventional designs, the overall speed of the 
memory device 12 may be improved. As compared to a con 
ventional device, each read or Write operation of the memory 
device 12 may transfer more bits of data into or out of the 
memory element 64. As a result, While each read or Write 
operation may take longer, more data may be read or Written 
during the operation, thereby improving overall performance. 
Further, in some memory devices 12, certain processes may 
be performed in parallel With a read or Write operation, 
thereby further reducing the overall impact of the longer 
sensing time. For example, in some embodiments, the 
memory array 14 may be divided into banks that operate at 
least partially independently, so that, While data is being 
Written or read from one bank, another bank can read or Write 
data in parallel. 
[0047] FIG. 8 illustrates details of one implementation of 
the quantiZing circuit 16. In this embodiment, the digital ?lter 
90 is a counter, and the analog-to-digital converter 88 is a 
?rst-order delta-sigma modulator. The illustrated delta-sigma 
modulator 88 may include a latched comparator 96 (herein 
after the “comparator”), a capacitor 98, and a sWitch 100. In 
other embodiments, other types of digital ?lters and analog 
to-digital converters may be employed, such as those 
described beloW in reference to FIGS. 17 and 18. 

[0048] As illustrated, an input of the counter 90 may con 
nect to the bit-stream signal path 94, Which may connect to an 
output of the comparator 96. The output of the comparator 96 
may also connect to a gate of the sWitch 100 by a feedback 
signal path 102. The output terminal (e.g., source or drain) of 
the sWitch 100 may connect in series to one of the bit-lines 38, 
40, 42, 44, or 46, and the input terminal of the sWitch 100 may 
connect to a reference current source 104 (I Ref), One plate of 
the capacitor 98 may connect to one of the bit-lines 38, 40, 42, 
44, or 46, and the other plate of the capacitor 98 may connect 
to ground. 
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[0049] The illustrated counter 90 counts the number of 
clock cycles that the bit-stream 94 is at a logic high value or 
logic loW value during the sampling period. The counter may 
count up or count doWn, depending on the embodiment. In 
some embodiments, the counter 90 may do both, counting up 
one for each clock cycle that the bit-stream has a logic high 
value and doWn one for each clock cycle that the bit-stream 
has a logic loW value. Output terminals (D0-D5) of the 
counter 90 may connect to the input/output bus 92 for trans 
mitting the count. The counter 90 may be con?gured to be 
reset to Zero or some other value When a reset signal is 

asserted. In some embodiments, the counter 90 may be a 
series connection of D-?ip ?ops, e.g., D-?ip ?ops having 
SRAM or other memory for storing an initial value and/or 
values to be Written to the memory element 64. 

[0050] In the illustrated embodiment, the clocked compara 
tor 96 compares a reference voltage (VRef) to the voltage of 
one ofthe bit-lines 38, 40, 42, 44, or 46 (VBL),Wh1Ch may be 
generally equal to the voltage of one plate of the capacitor 98. 
The comparator 96 may be clocked (e. g., falling and/ or rising 
edge triggered), and the comparison may be performed at 
regular intervals based on the clock signal, e.g., once per 
clock cycle. Additionally, the comparator 96 may latch, i.e., 
continue to output, values (VFB) betWeen comparisons. Thus, 
When the clock signals the comparator 96 to perform a com 
parison, if VBL is less than VRef, then the comparator 96 may 
latch its output to a logic loW value, as described beloW in 
reference to FIG. 9. Conversely, if VBL is greater than VRej, 
then the comparator 96 may latch a logic value on its 
output, as describedbeloW in reference to FIG. 10. As a result, 
the illustrated comparator 96 outputs a bit-stream that indi 
cates Whether VBL is larger than VRef, Where the indication is 
updated once per clock cycle. 
[0051] Advantageously, in some embodiments, the quan 
tiZing circuit 16 may include a single comparator (e.g., not 
more than one) for each column of multi-level memory ele 
ments 64. In contrast, conventional sense ampli?ers often 
include multiple comparators to read from a multi-bit 
memory cell, thereby potentially increasing device complex 
ity and cost. 
[0052] The capacitor 98 may be formed by capacitive cou 
pling ofthe bit-lines 38, 40, 42, 44, and 46. In other designs, 
this type of capacitance is referred to as parasitic capacitance 
because it often hinders the operation of the device. HoWever, 
in this embodiment, the capacitor 98 may be used to integrate 
differences betWeen currents on the bit-lines 38, 40, 42, 44, or 
46 and the reference current to form the bit-stream, as 
explained further beloW. In some embodiments, the capacitor 
98 may be supplemented or replaced With an integrated 
capacitor that provides greater capacitance than the “para 
sitic” bit-line capacitance. 
[0053] The illustrated sWitch 100 selectively transmits cur 
rent IRef from the reference current source 104. In various 
embodiments, the sWitch 100 may be a PMOS transistor (as 
illustrated in FIGS. 8-10) or an NMOS transistor (as illus 
trated in FIG. 17) controlled by the VFB signal on the feedback 
signal path 102. 
[0054] The operation of the quantiZing circuit 16 Will noW 
be described With reference to FIGS. 9-12. Speci?cally, 
FIGS. 9 and 10 depict current ?oWs in the quantiZing circuit 
16 When the comparator 96 is latched loW and high, respec 
tively. FIG. 11 illustrates VBL, the bit-stream output from the 
comparator 96, and the corresponding increasing count of the 
counter 90 for a relatively small bit-line current. FIG. 12 












